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LIU Yunjian, REN Zhaowen, LI Fengxiang, YANG Wenjing"
College of Basic Medical Sciences, Naval Medical University (Second Military Medical University), Shanghai 200433, China

[ Abstract ] Biomedical research is currently in a critical period of transition from traditional animal experiments
toward a diversified system combining animal experiments and novel alternative technologies. Conventional animal
experiments have historically played a pivotal role in advancing human health. However, with advances in science and
technology and evolving ethical considerations, their limitations, including interspecies biological differences, low R&D
efficiency, high costs, and ethical controversies, have become increasingly prominent. In this context, emerging alternative

technologies such as in vitro biomimetic models (e.g., organoids and organ-on-a-chip systems) and artificial intelligence-
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driven virtual models have shown great promise in biomedical research, offering advantages such as high physiological and

pathological fidelity to human systems and high experimental throughput. Nevertheless, significant challenges remain to be

addressed, including the establishment of standardized quality control systems for organoids, optimization of data integration

and algorithm interpretability in virtual models, and identification of unaddressed risks. Based on a systematic analysis of

the advantages and limitations of traditional animal experiments, this paper explores the value of organoids, organ-on-a-

chip systems, and virtual models in addressing the limitations of conventional animal models and the challenges they face in

future development, so as to promote the integration and advancement of research technologies based on diverse models and

contribute to the advancement of human health.
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Tab 1 Characteristics and applications of various laboratory animals
Classification Representative animal Characteristic Major application
model
Invertebrates Caenorhabditis Short life cycle and well-characterized genetic Gene function screening and mechanistic
elegans, Drosophila  background studies of neurodegenerative diseases'
melanogaster
Fish Zebrafish Transparent embryos and rapid embryonic High-throughput preliminary screening for
development embryotoxicitym
Amphibians  Xenopus laevis Relatively short life cycle Studies of early embryonic development, gene

and reptiles

Mammals

(African clawed frog)

Mice and rats

Well-defined genetic background, mature genetic
engineering technologies, short breeding cycle,
large litter size, and well-established industrial
breeding infrastructure

Rabbits Herbivorous physiology, relatively large body
surface area, unique anatomical features, and
complex physiological systems

Miniature pigs Anatomical structures, skin, and cardiovascular
system highly resemble their human counterparts,
with high tissue compatibility

Dogs Long lifespan, human-like anatomy, and
complex physiological systems

Ferrets

Brain development and neurological and
respiratory disease phenotypes closely resemble
their human counterparts

regulation, and primitive neural reflexes™®

Widely used for mechanistic studies of
cancer, metabolic disorders, and neurological
diseases, as well as antibody discovery and
drug developmentm

Studies of cardiovascular disease mechanisms,
antibody production, skin injury and wound
healing, surgical training, and basic medical
physiology research ™’

Research on diabetic complications and
osteosarcoma metastasis, surgical training,
and organ transplantation[ 10/

Studies of higher nervous system functions
and long-term drug toxicity testing“l'
Research on neurological and respiratory
diseases and preclinical drug development'm

Rhesus macaques and  Nervous and immune systems closely resemble

Cynomolgus macaques their humans counterarts

Gold-standard models for neurological
disease research and vaccine evaluation' >’
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Tab 2 Limitations of experimental animals in biomedical research
Disease Commonly used animal model Limitation

Neurodegenerative Caenorhabditis elegans, Drosophila
disease melanogaster, zebrafish, rodents
(primarily mice), non-human primates

Metabolic disease Rodents, rabbits, miniature pigs

Rodents (primarily mice), zebrafish,
Drosophila melanogaster

Cancer

Mechanical trauma  Rodents (primarily mice)

Organ transplantation Miniature pigs, non-human primates

Psychiatric disorder ~ Rodents, non-human primates

Biological processes differ substantially from those in humans; lack
of homologs for certain mutant nuclear proteins; unable to fully
recapitulate human pathophysiology; non-human primate models are
costly and time—consumingHzﬂ

Differences in blood glucose homeostasis compared with humans;
disease mechanisms and progression do not fully reflect human
metabolic disorders' "’

Small animal models have limited blood supply due to body size;
substantial differences in physiology, immune responses, and genetics
compared with humans*"’

Tissue repair capacity differs from that of humans; anatomical
and physiological differences limit translational relevance; lack of
standardized experimental designs and protocols[211

Risk of immune rejection; potential transmission of infectious diseases;
ethical concerns '

Unable to fully model higher-order human emotions and complex
psychiatric phenotypes; high cost and long experimental duration' "
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High cost-effectiveness

Simplified analytical procedures

Integration with other technologies
Versatile utility
Societal benefits

Culture/experimental protocols
Quality control (QC)

Regulatory compliance/application-
specific prerequisites

Biological products

Personalized therapeutic regimens/
precision medicine applications

Organ-on-a-chip
Disease modeling

J

Induced pluripotent culture conditions
stem cells (iPSCs)

Embryonic stem cells (ESCs)

Under 3-dimensional (3D)

Organoids

Animal-derived/
human-derived
cell sampling

Species origin

Embedding/
impantation

L

Organ-on-a-chip

Organoid culture

B1 XB[EWEISENA
Fig1 Establishment and application of organoids
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Tab 3 Comparison of advantages and limitations of iPSC/hESC-derived organoid models for multiple diseases

Disease

Cell source

Advantage

Limitation

Cardiovascular disease iPSC-derived

cardiomyocytesm:

Cancer Cells derived from
various tumor tissues

Cystic fibrosis iPSCs™’

Polycystic kidney H9 hESC line""’

disease

Nonalcoholic fatty Human iPSCs "

liver disease

Alzheimer’s disease

cells !

Hypothyroidism hESCs™'

iPSC-derived brain

Highly valuable for investigating
disease mechanisms; well suited for
integration with image-based deep
learning or machine learning analyses
Effective for studying human cancer
syndromes; serves as a valuable
complement to conventional cancer cell
line models

Facilitates investigation of genotype-
phenotype relationships and enables
identification of regulatory factors
independent of airway fluid secretion
Suitable for investigating cyst initiation
and progression in ADPKD; supports
multi-omics analyses to elucidate
disease mechanisms and enables high-
throughput drug screening

Faithfully recapitulates key pathological
features of nonalcoholic steatohepatitis,
including steatosis, inflammation, and
fibrosis; exhibits high reproducibility
and provides a physiologically relevant
platform for drug development

Recapitulates key features of the human
brain and provides functional brain
models incorporating the blood-brain
barrier

Can be used to screen drugs or cell-
based therapies that restore thyroid
hormone secretion; provides a platform
for studying thyroid development

Limited numbers of transplanted
cardiomyocytes; potential risk of graft-
associated ventricular arrhythmias

Successful engraftment is required,
posing technical challenges; variable
growth rates may compromise study
reproducibility and reliability

Cellular phenotypes are influenced by
the origin of the donor cells

Findings still require further in vivo
validation to confirm physiological
relevance

Transcriptomic profiles of lipid
metabolism-related genes are relatively
consistent, but their functional activities
remain uncertain; batch effects may
influence phenotypic analyses

Limited consistency and reproducibility;
clonal variability has been reported
even among clones derived from the
same parental iPSC line

Limited differentiation efficiency
and prolonged culture time before
measurable outcomes; vascularization
remains limited

iPSC: Induced pluripotent stem cell; hRESC: Human embryonic stem cell; ADPKD: Autosomal dominant polycystic kidney disease.
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